A whole class of two-color experiments involves intense, short Terahertz radiation pulses. A fast detector that is sensitive and able to resolve both near-infrared and Terahertz pulses at the same time is highly desirable. Here we present the first detector of this kind. The detector element is a GaAs-based field effect transistor operated at room temperature. THz detection is successfully demonstrated at frequencies up to 4.9 THz. The THz detection time constant is shorter than 30 ps, the optical time constant is 150 ps. This detector is ideally suited for precise, simultaneous resolution of optical and THz pulses and for pulse characterization of high-power THz pulses up to tens of kW peak power levels. The dynamic range of the detector was as large as 65 ± 3 dB/ √ Hz, enabling applications in a large variety of experiments and setups, also including table-top systems.
INTRODUCTION
Progress in Terahertz (THz) research (100 GHz-10 THz) has yet reached a technological level that is attractive for a huge variety of experiments and real-life applications. The established fields of applications include security and imaging, [1] [2] [3] spectroscopy, [4, 5] optical pump-THz probe and, since very recently, THz pump-optical probe experiments [6] . The latter became attractive tools for studying ultrafast processes in matter. Pump-probe experiments include probing the electronic structure, [7] carrier relaxation experiments, [8, 9] high harmonic generation, and perturbative nonlinear phenomena. [10, 11] Due to the high speed of light, a small length delay between the two pulses allows for probing physics on a sub-ps timescale. In many cases, modified THz time domain systems are used [7, 9] where the same optical beam is used for generating both the THz pulse and the optical probe pulse. Many experiments require extremely high THz fields beyond the capabilities of table top systems. Such experiments include studies of ponderomotive forces [12] , non-linear effects generated by intense THz radiation, high order sideband generation [10, 11] or the Autler Townes effect [13, 14] . The requirement of strong fields is based on the nature of these experiments: The THz electric field must be comparable to the (built-in) static electric fields of a sample under test, and thus modifying the physics beyond a simple perturbation. For such experiments, high power THz facilities are used, such as free electron lasers (FEL). An optical pulse (in most cases a near-infrared (NIR) laser pulse) has to be synchronized to the FEL pulse. Since the NIR laser and the FEL are independent entities, this requires not only precise locking techniques, but in particular a measurement technique that allows for timing of both pulses at a picosecond time scale. A fast detector is required that is both sensitive to the optical and the THz FEL pulse. There exists a large variety of THz detectors, such as Golay cells, pyroelectric detectors [4, 15, 16] or photo-accoustic power meters (Thomas Keating power meter), fast Schottky diodes [17] , the superlattice detector, [18] or photon drag detectors [19] . However, none of these is able to detect and resolve a high power THz pulse and an optical pulse synchronously. Furthermore, the detectors have to be able to tolerate the extraordinarily high peak power levels well beyond the kW range and have to be linear at the same time. Such a detector is lacking so far.
We developed a detector that fulfills the aforementioned requirements of ultra high speed, sensitivity to both optical and THz pulses, and high damage threshold. It is based on an antenna-less, large area field effect transistor (LA-FET) used as rectifier. Recently, we demonstrated that such detectors can be used for pulse shape characterization and for power measurements at FELs [20] at 0.24 THz. We could specify an upper limit for the detector time constant of 10 ns.
In this paper, we present an improved device and measurements showing a detector time constant below 30 ps as well as synchronous detection of an NIR signal with a similar time constant. The results were obtained at the free electron laser FELBE (Helmholtz-Zentrum Dresden-Rossendorf) with a FEL pulse duration below 33 ps and read out electronics permitting measurements up to a bandwidth of 30 GHz. Remarkably, a single detector covers an extremely large frequency span from the low end of the THz band up to at least 5 THz. Although the detection scheme is designed for high power applications, the noise floor should be low enough to permit applications in (lower power) The rectifying effect in field effect transistors (FETs) is well known as an efficient method for detection of THz radiation [1, [21] [22] [23] [24] . It is based on a non-linearity of the current within the gated part of the channel. Simply speaking, a THz signal penetrating into the channel will modulate both the carrier velocity, v(t) ∼ U T Hz (t), and the carrier concentration, n (2D) (t) ∼ U T Hz (t), at the same time [25] [26] [27] . This results in a source-drain current
2 . This features a rectified DC component that is proportional to the incident THz power, since P T Hz = 1/(2R A )(U T Hz (t)) 2 , where R A is the radiation resistance of the receiving area or antenna. It should be noticed that the transistor is not capable to amplify the THz signal. The rectification effect, however, remains highly efficient far above f τ and f max , the characteristic cut-off frequencies for current and power amplification [27] . A detailed derivation and description of the detection principle can be found elsewhere [25] [26] [27] .
Typically, (small) FET rectifiers are attached to an antenna in order to improve the coupling efficiency of the THz power to the detector. The THz power is then concentrated on the few micrometer-scale FET. For the high power levels achieved with FELs, however, this would lead to saturation of the detector or even its destruction. Therefore, we developed the large area field effect transistor detector (LA-FET). The power is distributed over a large number of FET mesas arrayed on an area comparable to or even larger than the THz wavelength, resulting in a high damage threshold. [20] The sample layouts investigated in this study are illustrated in Fig. 1 . The fundamental unit is a long but narrow mesa. Source, gate and drain electrodes are a very wide, but the FET channel is short (aspect ratio 1 mm:19µm). The N unit cells (c.f. Fig. 1 c) are connected in parallel. In this geometry, both the access resistance,R acc , and the resistance of the rectifying part of the channel are extremely low. This results in a very short RC time constant. Consequently, the extrinsic speed is extremely high. Since the penetration depth of the THz wave into the gated region (i.e. the effective rectification length) is in the few 100 nm range [25] , the intrinsic transport time is also extremely short.
The devices were designed to match a diffraction-limited THz spot with a diameter of 2ρ = 1.22λ T Hz /(N A) for a numerical aperture N A = n × 0.25 for the longest wavelength of 240 µm (1.25 THz) at FELBE. The index of refraction is n = 1 for the free space device (C) and n = n Si = 3.4 for the silicon lens coupled devices (A and B). The active area is (345 µm) 2 for devices A and B and (1.17 mm) 2 for device C. Due to processing limitations, the size of device C was chosen slightly smaller with a size of (1 mm) 2 . The samples and the setup allow for co-parallel optical and THz pulses and for anti-parallel optical and THz pulses as illustrated in Fig. 1 a) and b). A 30 GHz oscilloscope (Tectronix DSA8200) is connected to the source-drain (SD) port of the LA-FET. A bias tee allows for DC biasing the source drain by U SD . The gate can be pinched off by an additional DC source-gate (SG) bias, U SG . The repetition rate of the FEL is ν rep =13 MHz, while the repetition rate of the optical Ti-sapphire system is 78 MHz. Optical and THz pulses are phase locked resulting in an FEL pulse at every sixth optical pulse. The phase can be freely chosen by an electronic delay. The FEL pulse duration is τ pls =33 ps for the longest investigated wavelength of 230 µm (1.3 THz) and becomes shorter at shorter wavelengths. The pulse duration of the NIR pulse around 780 nm is 1 ps. The depletion mode n-FET sample structure is illustrated in Fig. 2 a) . The remotely doped high electron mobility transistor (HEMT) consists of a 30 nm Al 0.3 Ga 0.7 As barrier and a GaAs channel. Due to remote doping, the carrier mobility in the channel remains very high, reaching values of 6700 cm 2 /(Vs) at room temperature, where all measurements are carried out. The samples were processed with electron beam lithography in order to allow for rapid prototyping. Fig. 3 illustrates detection of both optical and THz pulses at the same time for samples A and B. The experimental parameters are listed in the figure caption. The 30 GHz oscilloscope was connected to the drain source contact of the FET. In order to reduce dark currents, the gate bias (relative to the threshold bias) U G was reduced, increasing the mesa resistance. The optical 1/e fall time at the onset of the optical signal has been determined to τ =170 ± 20 ps (3 dB fall time τ 3dB =120 ps) for sample A at 4.9 THz at a SD bias of U DS =160 mV and τ =150 ± 10 ps (3 dB fall time τ 3dB =100 ps) for sample B at 90 mV bias. The relaxation time between optical pulses, indicated by the solid line in Fig. 3 a) , is much longer.
RESULTS AND DISCUSSION
We first discuss the response to the NIR laser pulse. There are two mechanisms that lead to the optical response of the FETs when the device is subject to a small source-drain bias: (I) The substrate in the etched trenches between neighbouring mesas consists of unintentionally doped, highly resistive GaAs. An optical pulse will generate free carriers that lower the resistance between neighboring mesas (see Fig. 2 b) . (II) additional carriers are generated in the channel, altering the threshold bias. The measured optical fall times are limited by the transport time of the photogenerated carriers. For a larger bias, photo-generated carriers are more efficiently separated, resulting in a shorter time constant. With the carrier mobility of µ ∼ 6700 cm 2 /(Vs) (undoped GaAs or in the FET channel), the transport length can be estimated from the Drude model by
This results in a transport length of s = 3.6 µm for sample A and 2.5 µm for sample B. These values are very close to the gap size between the mesas and the gate length of W Gap = L G =3 µm (c.f. table in Fig. 1 ) but much shorter than the mesa length, L M . Obviously both mechanisms contribute to the optical response. By analysis of Fig. 3 a) , we conclude that the dominant mechansim, however, is the reduction of the threshold bias (i.e. mechanism II): For absorption between the mesas (mechanism I), the onset of the response should be instantaneous, since the carriers are generated close to the contact pads and the optical pulse time is much shorter than the resolution limit of the oscilloscope. The gap should return to high resistance within about 100 ps-200 ps, i.e. the required time to remove both optically generated electrons and holes. This does not fit to the long relaxation time after the optical pulse shown in Fig. 3 a) , black line. Therefore, mechanism (II) is identified to be dominant for the optical response: electron-hole pairs are generated in the mesa structure, except in the gated area which is shadowed by the gate metal. Since the devices were operated close to the threshold bias, most of the applied source drain bias drops at the gated region. Carriers generated close to the gate are drifting into the gated region, resulting in a lowered gate resistance. The pulse fall time (i.e. the fast response to optical excitation) is the time required by electrons to populate the gate. This is in the 100 ps range, in agreement with the measured values. Remaining carriers in the ungated part of the mesa will slowly recombine on the ns scale or be withdrawn to the contacts, resulting in a comparatively long relaxation time after the pulse. The long relaxation time is visible in the measurement in Fig. 3 a) by the non-zero slope of the detection signal, indicated by the black line in Fig. 3 a) .
In both Fig. 3 a) and c), a smaller echo of the FEL pulse with opposite sign is visible in the data (c.f. Fig. 3 c) at 0.3 ns). This echo is due to an RF reflection in the wiring of the LA-FET to the coaxial connection to the oscilloscope. This feature varies from sample to sample. We further see some ringing in Fig. 3 a) and a small positive peak immediately after the optical excitation in Fig. 3 c) . These features indicate non-linear effects and may be related to plasmonics. Several papers report on THz generation by optical excitation of FETs in sub-micrometer length channels [28, 29] . In order to suppress excessive generation of plasmons which may generate non-linear interaction between the FEL pulse and the near infrared (NIR) pulse, we have chosen long gates of 3 µm and an NIR pulse duration as large as 1 ps, generating frequency components mainly below 0.5 THz. Since plasmons are only efficiently generated above 0.5 THz in short channels, we do not expect significant generation of plasmons by the optical beam. Therefore, the measured shape, width, and amplitude of the FEL-pulse remain almost unaffected by the optical pulse. The small positive peak in Fig. 3 c) and the ringing in Fig. 3 a) , however, requires further experimental and theoretical investigations. It may be the remainder of a plasmonic response.
The detected FEL pulse HWHM in Fig. 3 a) are 20 ± 0.5 ps (pulse duration 10 ps) for the measurement for sample A and 30 ± 0.5 ps (pulse duration 14.5 ps) for sample B (Fig. 3 c) and d) ). Since the oscilloscope rise time is 17 ps, these values already represent a convolution of the FEL pulse duration, the oscilloscope rise time and the detector time constant. The measured values therefore only represent upper limits for the detector time constant.
There are many options for improving the performance of the LA-FET. An obvious parameter is the gate bias. In theory, the responsivity should be highest close to pinch-off, U G → 0V. In real devices, however, both thermal noise and detection time constant increase for small gate biases, U G . The responsivity of device C increased at lower gate biases, peaking at U G = 0.25 V in agreement with impedance matching of the device to the 50 Ω load. In contrast, the smaller devices A and B showed a decrease in responsivity with lower gate biases (i.e. closer to the threshold bias). Since lower gate biases increase the device impedance, the performance of the smaller devices was already limited by access resistances, resulting in a frequency-dependent and gate bias dependent reduction of the responsivity [25] . Exact DC values for the access resistance could not be directly measured since they were below the measurement limit of 10 Ω. Using the carrier concentration and mobility obtained from Hall measurements and contact resistance measurements from smaller devices, we estimate a total DC access resistance of 6 ± 2 Ω for sample A, of 10 ± 2 Ω for sample B, and only 0.6 ± 0.2 Ω for sample C. The AC resistance is even significantly lower since the contact resistance is capacitively shorted. The extremely small values for the access resistance are of crucial importance for fast measurement at tens of GHz sampling rates since it reduces any RC time constants in the detection circuit. We now discuss the responsivity and linearity of the devices, which needs consideration of the the post-detection electronics. Except for the measurement at 1.3 THz, the FEL pulse duration is shorter than the oscilloscope rise time. The oscilloscope cannot resolve the pulse any more, it rather measures the integrated pulse energy than the pulse power, with a fixed HWHM corresponding to the oscilloscope rise time of 17 ps. Fig. 4 a) depicts the pulse energy (E=P pk T Hz τ pls ) responsivity of all investigated devices vs. frequency. Sample C shows a flat response over the investigated frequency range. The responsivity of a rectifying FET is proportional to the radiation resistance of the receiving element. [25] In ref. [30] we calculated the radiation resistance of a large area dipole array. It is given by the product of the excited Hertzian dipole of the unit cell of the structure, R H (λ T Hz ) = 80π
2 Ω/n ef f × (d/λ T Hz ) 2 , and the array factor [30] , resulting in
where ρ is the THz spot radius, and d the effective dipole length of an individual mesa. For spot sizes comparable to or larger than the THz wavelength, the radiation resistance for a constant dipole length is frequency-independent, since the wavelength dependences of the Hertzian dipole radiation resistance and the array factor cancel in this limit. Sample C shows such a behaviour.
The other samples show some oscillatory behaviour with lower responsivity at higher frequencies. The reduction of the responsivity with increasing frequency indicates a roll-off due to access resistances [25] , in agreement with the gate-bias-dependent behaviour of these samples. A similar behaviour has also been found with silicon-based antenna coupled FETs in ref. [31] , where each antenna-coupled device was optimized for a single operation frequency. Here, a single device can be used for investigating a large frequency range. The detectors are well suited for measurements at FELBE and many other FELs: They are most sensitive at the longer wavelengths where the FEL power is small. The smaller responsivity at higher frequencies results in a rather constant dynamic range, since the FEL power increases rapidly with frequency, resulting in similar detected voltages (c.f. Fig. 4 b) ). Therefore, the detectors saturate at higher THz power levels. The oscillatory behaviour of the responsivity may originate from plasmon-resonant effects since the detector is operated in the plasma-wave regime, where the angular THz frequency is much larger than the inverse momentum relaxation time. This criterion is met for THz frequencies above (2πτ ) −1 = e/(m * µ) ≈ 0.5 THz for high quality GaAs, where m * is the electron effective mass. Antenna-less devices provide an ideal platform for investigating plasmonic effects since their radiation resistance shows no pronounced frequency dependence: According to Eq. 2, the radiation resistance is constant for wavelengths shorter than the optical spot diameter and the device size. A further detailed study of the frequency and gate-bias dependence of the LA-FET responsivity may give further insight into plasmon resonances of two dimensional electron gases in the THz range. Such plasmon resonances have yet been used to generate THz radiation from biased field effect transistors [32] . So far, however, the THz power level was fairly low and the resonances were not very pronounced [33] .
KEY PARAMETERS OF THE DETECTORS
The detection bandwidth extends down to the lower end of the THz frequency range: Similar detectors have been tested at 0.48 THz and 0.24 THz at the UCSB-FEL [20] . The maximum operation frequency of the detector will finally be limited by the Reststrahlenband of GaAs, around 8.3 THz. However, we could not detect any THz power at 7.1 THz any more. We therefore conclude that the LA-FETs are suitable detectors for the major part of the THz frequency range, i.e. from ∼ 0.1 THz to at least 5 THz. A single device should be able to cover the whole bandwidth. Fig. 4 b) shows that the detectors are linear up to a detected bias around 2-5 mV, with a larger linearity range at lower frequencies. This can be understood by considering the diffraction-limited spot size. At higher frequencies, the THz spot becomes smaller, increasing the intensity in the center of the device, leading to local saturation. The linearity range is slightly reduced. Taking the measurement bandwidth of the oscilloscope into account, we calculate a bandwidth-normalized dynamic range of 65 ± 3 dB/ √ Hz. This value is in agreement with the results obtained at the UCSB-FEL [20] . Since the pulse duration was similar to or shorter than the oscilloscope time constant, the noise equivalent power (NEP) can only be estimated. Without any amplification and signal conditioning prior to the oscilloscope measurement, the NEP is in the range of 10-60 µW/ √ Hz at the longest wavelength of 230 µm where the pulse duration is comparable to the oscilloscope time constant. This result is limited by the input noise of the oscilloscope. The measurements in ref. [20] on similar devices revealed an NEP of only 3.1 µW/ √ Hz. Therefore, the detectors are also suited for most table-top systems. Peak power levels of efficient table-top pulsed sources range from W level (average THz power 190 µW [34] ) even to the few MW peak power-level [35, 36] . Once calibrated, the LAFETs will be suitable for power measurements using the lock-in technique. They are much faster than conventional thermal detectors, allowing for fast data acquisition and power monitoring. The detectors presented in ref. [20] had already been used for continuous-wave power measurements between 0.3 and 0.7 THz.
CONCLUSION
The large area field effect transistor rectifiers (LA-FETs) allow for resolving both THz and optical pulses at the tens of ps timescale. These ultrafast detectors are ideally suited for precise timing of optical and THz beams in pump and probe experiments. LA-FETs were sucessfully tested from 0.24 THz to 4.9 THz. We therefore conclude that a single LA-FET may be used to cover most of the THz frequency range. The detectors have been tested up to 30 kW peak power levels without any noticeable thermal limitation. The optical response time (∼ 150 ps) can be further reduced by reducing the size of the mesa features. The measurement of the THz response time was limited by the oscilloscope resolution (¡ 30 ps). Since the smallest dimension of the devices is 3 µm, they can be manufactured with simple processing techniques. The relatively low NEP and large dynamic range suggest that these detectors can also be used in pulsed and continuous-wave table top systems.
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